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Organic long-persistent luminescence (LPL) materials 1 
can overcome the disadvantages of inorganic LPL materials 2 
in terms of element sustainability, processability, and color 3 
tunability. However, all published electron donor/acceptor 4 
binary organic LPL systems show green emission. Here, we 5 
report an organic LPL system consisting of N,N,N’,N’-6 
tetrakis(p-diisobutylaminophenyl)-p-phenylenediamine 7 
(TBAPD) as a donor dopant and 2,8-8 
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) as an 9 
acceptor host. The TBAPD/PPT film exhibits orange 10 
photoluminescence (CIEx, CIEy = 0.49, 0.49) and LPL (CIEx, 11 
CIEy = 0.51, 0.48).  12 
 13 
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Long-persistent luminescence (LPL) materials, also 16 
known as glow-in-the-dark or afterglow materials, are 17 
widely used in emergency signs, watch indicators, safety 18 
way guidance, and afterglow toys.1-4 Glow-in-the-dark 19 
materials have a long history of usage, and LPL materials 20 
have been commonly used since Matsuzawa et al. developed 21 
a strontium aluminate-based LPL material in the 1990s.5 22 
Many commercial high-performance LPL materials are 23 
made from metal oxides doped with rare earth elements 24 
such as europium and dysprosium.1 These inorganic LPL 25 
materials need high fabrication temperatures of over 26 
1000 °C and to be ground into powders and blended with 27 
polymers for the majority of their applications.1,6,7 28 
In 2017, we reported the first genuine organic LPL 29 
(OLPL) system consisting of an electron donor N,N,N′,N′-30 
tetramethylbenzidine (TMB) and an electron acceptor 2,8-31 
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT).8 This 32 
TMB/PPT blend film exhibits LPL for over one hour at 33 
room temperature when the concentration of the donor is 34 
low (1 mol%). The LPL emission originates from the 35 
excited state complex (exciplex) generated by the slow 36 
recombination of long-lived intermediate charge-separated 37 
(CS) states (Figure 1a). Initially, charge transfer (CT) 38 
excited states (Dδ+ + Aδ-) are formed between the donor (D) 39 
and acceptor (A) during photo-excitation. Although most of 40 
the CT excited states exhibit photoluminescence after turn-41 
off of the photoexcitation, some electrons on acceptors 42 
diffuse to surrounding acceptor molecules and form stable 43 
charge-separated (CS) states (D·+ + A·-). Gradual 44 
recombination of the electrons on the acceptor and holes on 45 
the donor continuously generates CT excited states, so the 46 
photoluminescence continues for a very long time. The 47 
TMB/PPT film exhibits green LPL emission because the 48 
exciplex emission corresponds to a transition from the 49 
lowest unoccupied molecular orbital (LUMO) level of the 50 
acceptor to the highest occupied molecular orbital (HOMO) 51 
level of the donor. Although the donor-acceptor distance 52 
and molecular conformations affect the exciplex emission, 53 
the HOMO-LUMO gap play a decisive role in the exciplex 54 
emission in the amorphous solid-state. A linear correlation 55 
between the exciplex emission peak and the energy gap 56 
between the oxidation potential of donors and the reduction 57 
potential of acceptors  (EA,LUMO – ED,HOMO) is reported9-12 and 58 
the HOMO and LUMO levels can be calculated from the 59 
oxidation and reduction potentials.13,14 The LPL emission 60 
decay profile follows power-law decay, and the emission 61 
intensity at time t is given by I(t) ~ t−m, with m ≈ −1.15-19 62 
This power-law emission decay differs from general room-63 
temperature phosphorescence which exhibits exponential 64 
emission decay.20-28 65 
We also reported several electron donor/acceptor 66 
binary OLPL systems such as m-MTDATA/PPT29 and 67 
polymer-based TMB/PBPO.7 However, these binary OLPL 68 
systems exhibit green emission. Other emission-color 69 
systems have not been reported. Later, we also achieved 70 
wide-range emission-color tuning from greenish-blue to red 71 
and even warm white by energy transfer from the TMB/PPT 72 
exciplex to additional emitter dopants.30 The color-tuning of 73 
the binary OLPL system is important because the photo-74 
absorption process is controlled by the donor or acceptor 75 
molecules. A large overlap between the exciplex emission 76 
and the extra dopant absorption is required for efficient 77 
energy transfer. 78 
Here, we report orange LPL emission from a 79 
donor/acceptor binary system. To obtain a longer emission 80 
wavelength from the exciplex, we adjusted the HOMO level 81 
of the donor from that of TMB. Specifically, N,N,N',N'-82 
tetra(4-tolyl)-1,4-phenylenediamine (TTPD) and N,N,N’,N’-83 
tetrakis[(4-(diisobutylamino)phenyl]-1,4-phenylenediamine 84 
(TBAPD) (Figure 1b) are used as donors in this study.  85 
TTPD was synthesized by Buchwald-Hartwig coupling 86 
and PPT was synthesized according to the literature.31 87 
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TBAPD was obtained from TCI chemicals (Tokyo, Japan). 88 
All samples were purified by train sublimation. The 0.4 89 
mm-thick TTPD/PPT and TBAPD/PPT films for the optical 90 
measurements were prepared by the melt-casting method as 91 
reported previously.30 Thin films for the UV-vis absorption  92 
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Figure 1. a. Emission mechanism of an OLPL. The dashed cycle represents the charge transfer (CT) exciton of the exciplex. 94 
Abbreviations of electron donor (D), acceptor (A), lowest singlet excited state of donor or acceptor (S1, (D or A)), CT singlet (
1CT) 95 
and triplet excited state (3CT), intersystem crossing (ISC), reverse intersystem crossing (RISC), charge separation (CS), and charge 96 
recombination (CR) are used. b. Chemical structures of the electron donors (TTPD and TBAPD) and electron acceptor (PPT) and 97 
their corresponding HOMO or LUMO levels. c. CV curves of TMB, TTPD, and TBAPD. 98 
measurements were fabricated by sandwiching the heat-99 
melted materials between two quartz substrates. The 100 
concentration of the donor was 1 mol% for all films, 101 
according to the previous publication8. 102 
To achieve a longer emission wavelength, a shallower 103 
HOMO level of the donor is required. Therefore, we 104 
introduced electron-donating diisobutylamino substitutions 105 
into the N,N,N',N'-tetraphenyl-1,4-phenylenediamine core, 106 
and tetramethyl substitutions are used as the reference. The 107 
HOMO levels were calculated to be −4.78 eV (TMB), −4.74 108 
eV (TTPD), and −4.24 eV (TBAPD) from the first oxidation 109 
potential of cyclic voltammograms. Although the TBAPD 110 
and TTPD exhibit multi redox potentials, only the first 111 
redox potential is important to discuss the LPL emission 112 
since the system generates the radical cation of donors and 113 
the radical anion of acceptors after the photoexcitation. The 114 
LUMO level of PPT is −2.17 eV,30 and the EA,LUMO – 115 
ED,HOMO of the donor/acceptor systems were calculated to be 116 
2.61 eV (TMB/PPT), 2.57 eV (TTPD/PPT), and 2.07 eV 117 
(TBAPD/PPT). The energy gap of 2.07 eV corresponds to 118 
emission at 599 nm, so TBAPD/PPT should exhibit yellow 119 
to orange emission. 120 
UV-vis absorption and photoluminescence spectra of 121 
TTPD and TBAPD (toluene solutions), and PPT, 122 
TTPD/PPT, and TBAPD/PPT films are shown in Figure 2. 123 
LPL spectra of these two blend films are also shown. The 124 
absorption of the two blend films is the sum of the 125 
absorption of PPT and the corresponding donor and could 126 
not observe clear CT absorption at the present condition. 127 
Thus, the charge-transfer interaction at the ground state is 128 
almost negligible. In contrast, the TTPD/PPT and 129 
TBAPD/PPT films exhibit broad emission peak maxima at 130 
506 nm and 579 nm, respectively. These peak maxima are 131 
significantly redshifted compared with the fluorescence and 132 
phosphorescence of PPT and the corresponding donor. 133 
These emission peaks clearly indicate that the emission of 134 
the two blend films originates from the exciplex. The LPL 135 
spectra are slightly redshifted and broader than the 136 
corresponding steady-state photoluminescence spectra. This 137 
may be because of the reorganization of the emitters at the 138 
excited states. 139 
The photoluminescence peak maxima of the 140 
TTPD/PPT and TBAPD/PPT systems are at 506 nm and 579 141 
nm, corresponding to energy gaps of 2.45 eV and 2.14 eV, 142 
respectively. These values show good agreement with the 143 
EA,LUMO – ED,HOMO determined from the CV curves. As 144 
expected, the TTPD/PPT system exhibits green 145 
photoluminescence (CIEx,y: 0.26, 0.46) and LPL (CIEx,y: 146 
0.31, 0.50), and the TBAPD/PPT system exhibits orange 147 
photoluminescence (CIEx,y: 0.49, 0.49) and LPL (CIEx,y: 148 
0.51, 0.48), as shown in Figure S1. 149 
The LPL emission decay profiles of 1 mol% TMB/PPT, 150 
TTPD/PPT, and TBAPD/PPT blend films under the same 151 
excitation conditions are shown in Figure 3. After stopping 152 
the photo-excitation, all films exhibit LPL emission with a 153 
power-law decay profile at room temperature. The 1 mol% 154 
3 
  
TBAPD/PPT film exhibits orange LPL emission, which can 155 
be recorded for several minutes using a charge-coupled-156 
device camera. Owing to the very thick film of 0.4 nm, 157 
several cracks formed during the rapid cooling process. 158 
Because the photoluminescence quantum yields (ΦPL) 159 
measured under nitrogen atmosphere were 16% 160 
(TBAPD/PPT), 24% (TMB/PPT) and 41% (TTPD/PPT), the 161 
study-state PL intensities under photoexcitation shows the 162 
same order. In contrast, the LPL duration of TMB/PPT and 163 
Figure 2. a, b. UV–vis absorption and photoluminescence spectra of TTPD and TBAPD in toluene (top), PPT film (middle), and 1 164 
mol% TTPD/PPT and TBAPD/PPT films (bottom). The phosphorescence spectra were obtained at 77 K. The photoluminescence 165 
(PL) and LPL spectra of 1 mol% TTPD/PPT and TBAPD/PPT films were obtained at 300 K. 166 
Figure 3. a, b. Semi-logarithmic plots (a) and logarithmic plots (b) of the emission decay profiles of TMB/PPT, TTPD/PPT, and 167 
TBAPD/PPT at 300 K. Samples were excited for 60 s (from −60 to 0 s) by a 340-nm LED source. “PL” means the steady-state 168 
photoluminescence, “LPL” means the long-persistent luminescence. c. Photographs of a 1 mol% TBAPD/PPT thick film at room 169 
temperature under the ambient light, during excitation by a 365-nm UV lamp, and at various times after turning off the excitation. 170 
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TTPD/PPT films are almost identical, although the 171 
TTPD/PPT film exhibits a higher ΦPL. Because the final 172 
emission comes from the exciplex, the ΦPL is important for 173 
LPL emitters. However, emission in the OLPL system 174 
occurs through charge separation process from the CT state 175 
to the CS state, charge retention in the CS state, and charge 176 
recombination process from the CS state to the CT state. 177 
Thus, differences such as charge separation probability from 178 
the CT state to the CS state between the TMB/PPT and 179 
TTPD/PPT films may lead to the difference between the 180 
LPL duration and ΦPL. 181 
In conclusion, we demonstrated orange LPL emission 182 
from the donor/acceptor binary system, TBAPD/PPT, by 183 
tuning the HOMO level of the donor. In contrast, TTPD 184 
possesses a similar HOMO level with TMB, so the 185 
TTPD/PPT and TMB/PPT blend films both exhibit green 186 
LPL emission. This approach will enable control of the LPL 187 
emission color of the donor/acceptor binary system. 188 
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